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Abstract

Tetrahedrally coordinated aluminate Al(OH)4
- and dialuminate Al2O(OH)6

2- anions  are 

considered to be major species in aluminum-rich alkaline solutions. However, their relative 

abundance remains difficult to spectroscopically quantify due local structure similarities and 

poorly understood effects arising from extent of polymerization and counter-cations. To help 

unravel these relationships here we report detailed characterization of three solid-phase 

analogues as structurally and compositionally well-defined reference materials. We successfully 

synthesized a cesium salt of the aluminate monomer, CsAl(OH)4·2H2O, for comparison to 

potassium and rubidium salts of the aluminate dimer, K2Al2O(OH)6, Rb2Al2O(OH)6. Single crystal 

and powder X-ray diffraction methods clearly reveal the structure and purity of these materials 

for which a combination of 27Al MAS-NMR, Al K-edge X-ray absorption and Raman/IR 

spectroscopies was then used to fingerprint the two major tetrahedrally coordinated Al species. 

The resulting insights into the effect of Al-O-Al bridge formation, between aluminate tetrahedra 

on spectroscopic features may also be more general to the many materials that are based on 

this motif.

Introduction

In highly alkaline solutions the speciation and transformation of aluminum remain a 

challenge to spectroscopically interrogate, despite their centrality to a variety of major 

aluminum processing systems. For example, understanding how the dominant tetrahedrally-

coordinated aluminate anion, Al(OH)4
-, transforms to octahedral aluminum (Al) during the 

precipitation of gibbsite, α-Al(OH)3, is key to the efficiency of the Bayer process by which 



alumina, Al2O3, is extracted from bauxite ore.1-3 Despite the fact that the Bayer process was 

invented over 120 years ago and is still used to produce nearly all of the world’s Al2O3 supply as 

an intermediate step to Al production, the mechanism and kinetics of α-Al(OH)3 precipitation 

have not been comprehensively described.4-9 Both synthetic and industrial Bayer liquors have a 

propensity to become supersaturated,10, 11 presenting a considerable engineering challenge as α-

Al(OH)3 precipitation suffers from slow kinetics and yields are poor even in the presence of seed 

crystals.12, 13 Limited mechanistic understanding of how small Al clusters of low nuclearity 

condense into extended sheet structures of Al octahedra in α-Al(OH)3, or boehmite, AlO(OH) 

also directly hampers the processing of ca. 90 million gallons of highly caustic radioactive waste 

at U.S. Department of Energy legacy sites.4, 14-16 These wastes contain significant quantities of 

solid and solvated Al forms that originated from disposed Al-clad defense fuels and are highly 

caustic due to NaOH additions used to increase the lifetime of underground steel storage 

tanks.17

For such systems, developing the ability to spectroscopically distinguish the principal 

aluminum species in solution in equilibrium with α-Al(OH)3 is critical. In sodium hydroxide, 

appreciable concentrations of oligomeric Al solution species relative to the aluminate 

monomer8, 9, 18 have been invoked to rationalize the propensity of these solutions to become 

supersaturated.10, 11 However, because of the predominance of tetrahedral coordination across 

species, spectroscopic techniques that probe the local structure around Al have limited 

sensitivity to oligomerization. The tetrahedrally coordinated aluminate dimer, Al2O(OH)6
2-, has 

been proposed and confirmed on the basis of Raman spectroscopy.3, 7, 9 Ab initio molecular 

dynamic (AIMD) studies explored the stability and spectroscopic features of different mono- 

and dinuclear Al species, suggesting that Al(OH)4
-, Al2O(OH)6

2- and the dihydroxo bridged 

Al2(OH)8
2- dimer, are viable solution species under experimentally relevant conditions.19-22 

Formation of solvent separated (SSIPs) or contact ion pairs (CIPs) with in the presence of 

counter cations played a significant role in stabilization of different Al species but did not affect 

their spectroscopic signatures.19, 23 Furthermore, AIMD revealed that structurally distinct, soluble 

Al-hydroxides can produce similar Raman and IR spectra, which has implications for data 

interpretation in terms of higher-order Al species. Additional experimental techniques that 



could quantify the species present in these caustic aluminate solutions would clearly be 

beneficial. 

Studies on well-defined reference materials could help constrain the spectroscopic 

signatures of the monomer, dimer, and higher extents of polymerization. Crystalline hydroxide 

salts of aluminate have proven useful in both regards but remain an underexploited platform. 

For example, the assignment of solution Raman signals required the isolation and 

characterization of the solid phase Al2O(OH)6
2- unit, which was possible in the KOH system by 

precipitation of K2Al2O(OH)6.3, 24 Specifically, under experimental conditions where [OH-] = 8.0 M, 

and [Al3+] = 3.0 M,  substitution of NaOH with KOH, or CsOH led to change in the percentage 

contribution of bands associated with the Al2O(OH)6
2- species (as a function of total Raman 

signal)  from 32, to 29, and 24%, respectively.7 And because it was demonstrated that the 

identity of the cation (e.g. Na+, K+, or Cs+) has real, but minor effect on the equilibrium 

between the Al(OH)4
- and the products of its oligomerization, comparison across systems 

containing other alkali cations can be informative.1-3 Despite these advantages this approach has 

received limited attention to date.5, 25 

Here, we explore the principle aluminate species present in caustic aluminate solutions 

by precipitating solid phases from supersaturated KOH, RbOH, and CsOH solutions and 

employing multi-modal solid phase characterization to resolve the bonding environment 

around the Al atom. For the first time, the monomeric cesium aluminate hydroxy hydrate salt, 

CsAl(OH)4·2H2O, was isolated from solution, and shown by single crystal X-ray diffraction (XRD) 

to exhibit unusually short ….O…O interactions between the terminal hydroxide O atoms and 

that of the water molecule. The tetrahedral dimers, K2Al2O(OH)6 and Rb2Al2O(OH)6 were 

crystallized, and high-resolution crystal structures were obtained. The Raman, infrared, nuclear 

magnetic resonance and X-ray absorption spectroscopic signatures for these monomeric and 

dimeric structures that represent the dominant Al species in concentrated caustic aluminate 

solutions were obtained and, where possible, compared with those predicted by AIMD 

simulations. This detailed description of monomeric and dimeric aluminate species is also 

relevant to the chemical building blocks of Al-containing minerals, transition aluminas, and 

zeolites.26, 27 



Experimental

Synthesis of alkali aluminates

K2Al2O(OH)6 (1). A modified version of the procedure reported in the literature was used to 

synthesize 1.24 Inside of a N2 filled glovebox, 30 mL Teflon bottle was charged with 3.49 g (62 

mmol) of KOH (Fisher Scientific, ≥85.0%) and 4.00 g of H2O (18 MΩ-cm). The resulting mixture 

was equilibrated to room temperature, then 1.00 g (37 mmol) of Al wire (Sigma-Aldrich, 

99.999%) was added in ca. 100 mg equivalents over a period of three days. At the end of 

reaction, the resulting white solid was separated by centrifugation (8000 RPM for 10 min) and 

the clear, colorless solution was filtered through a 0.2 µm syringe filter (Whatman). The 

resulting solution was capped and stored at 25°C under N2. Diffraction quality crystals resulted 

in two weeks. Bulk material was collected using vacuum filtration and was washed five times 

with absolute ethanol (Fisher Scientific, ACS grade)

Rb2Al2O(OH)6 (2). The same procedure for 1 was used to synthesize 2 but 7.47 g (62 mmol) of 

RbOH·H2O (Strem Chemicals, 99.8%) was added instead of instead of KOH. 

CsAl(OH)4·2H2O (3). The synthesis procedure for 3 was the same as 1 but 10.41 g (62 mmol) of 

CsOH·H2O (Acros Organics, 99.95%) was added instead of KOH. 

Single crystal X-ray diffraction. Diffraction quality crystals were isolated and mounted on a 

cryoloop in oil. Data was collected on a Bruker Venture equipped with Ag Kα X-radiation 

microfocus source (λ = 0.5609 Å). Data collections were performed under a stream of nitrogen 

gas, affording a temperature of 110 K. Bruker APEX III software package was used to correct the 

data for Lorentz, polarization, and background effects. Empirical absorption corrections were 

performed using the SADABS software package.28 SHELXTL was used for structure solution and 

refinement.29, 30 The structure of CsAl(OH)4·2H2O (3) was refined as an inversion twin with a ratio 

of 0.77:0.33. H-atoms were located in structures 1 and 2 from diffraction maps and refined 

using the DFIX d s command (d = 0.96 and s = 0.01). No H-atoms could be located in the 

structure of 3. All non H-atoms were refined anisotropically.  

Powder X-ray diffraction (PXRD) patterns were collected using a Rigaku D-Max II microbeam 

diffractometer and a rotating Cr anode source (λ = 2.2910 Å). The powders were loaded into 



boron-glass capillaries (Charles Supper, MA) and sealed with wax. The incident beam was 

collimated to 300 µm diameter and diffracted intensities recorded on a large image place which 

were converted to powder profiles using the Rigaku 2D-Max software. The measured PXRD 

patterns were compared with patterns calculated from the crystal structures using TOPAS v6 

(Bruker AXS). 

Raman spectroscopy was carried out using a Horiba LabRam HR spectrometer in the 100-4000 

cm-1 spectral region using a 633 nm continuous light source and a 40x optical objective 

mounted on a Nikon Ti-E inverted microscope. Ten spectra were collected with 30 second 

exposure times and then averaged. Peak deconvolution and integration, including linear 

background correction in the 550-700 cm-1 region, was accomplished using the Multipeak 

Fitting 2 package as implemented in IgorPro 8 software. The peak deconvolution routine used 

three Voigt profiles to fit the signals observed at 614, 621, and 647 cm-1 in the spectrum of 3. 

Infrared spectroscopy was carried out using a Bruker Tensor 37 spectrometer with a DTGS 

detector and air-cooled source. Spectra were collected using an attenuated total reflectance 

accessory with a diamond/KRS5 internal reflection element with nine reflections (SensIR 

Technologies). For each sample, a total of 128 spectra were collected and averaged, using a 

wavenumber range of 600 to 4000 cm-1, and with a resolution of 4 cm-1. 

27Al magic angle spinning nuclear magnetic resonance spectroscopy was carried out at 20°C 

using an 850 MHz Varian-DDR (19.975 T, 27Al Larmor frequency of 221.413 MHz) NMR 

spectrometer, with a commercial 1.6 mm pencil-type MAS probe and a rotor spinning rate of 20 

kHz. The parameters used to acquire NMR spectra for quantitative analysis were sweep width 

of 833.33 kHz, recycle delay of 1 s, (an array of recycle delay time from 0.5 to 5 s confirmed 

recycle delay of 1 s as sufficient for reaching equilibrium state), acquisition time of 20 ms, 256 

transients, and a small tip angle π/20 (corresponding to pulse width of 0.55 µs). Chemical shifts 

were externally referenced to 1 M Al(NO3)3 (in H2O) at 0 ppm. Isotropic chemical shift (δiso), 

quadrupolar coupling constant (CQ), and asymmetry parameter (ηQ) were estimated using sola 

peak fitting procedure and QUAD all model as implemented in TopSpin (v4.0.5).  

Al K-edge X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectroscopy measurements were performed at the Advanced Light Source 



(Berkeley, CA) at beamline 6.3.1. The samples were mounted in a N2 filled glovebox by pressing 

the powder into indium foil to secure the sample and minimize charging. The indium foil was 

then attached to a Cu metal sample holder using silver paint, and the holder was maintained in 

a N2 atmosphere until it was loaded into the beamline endstation. A reference spectrum 

collected on corundum (α-Al2O3) was used to calibrate the energy scale.31 The X-ray absorption 

spectra were collected under vacuum at room temperature in total electron yield (TEY) mode 

over the scan range from 1520 to 1850 eV. Al K-edge XANES and EXAFS data were background 

corrected and analyzed using the Athena and Artemis interfaces to the IFEFFIT program.32 

Ab initio molecular dynamics. To analyze the Al K-edge EXAFS, FEFF calculations were 

performed on ensembles of structures drawn from DFT molecular dynamics (MD) trajectories 

with the Quickstep module of the CP2K software.33 The DFT functional consisted of a revised 

version of the PBE functional34 with the empirical dispersion corrections of Grimme et al.35 

Within the mixed gaussian and plane waves scheme33 a double-zeta basis set was used with a 

single set of polarization functions,36 Goedecker-Teter-Hutter pseudopotentials together with 

plane wave cutoffs of 600 to 900 Ry depending on the hardness of the pseudopotentials. 

Starting from the experimental coordinates, hydrogen atoms were added to the relevant 

oxygen atoms. To account for the dispersion interactions and reach convergence in the relaxed 

cell dimensions normalized to the unit cell, supercells of factors 1 × 2 × 1 for K2Al2O(OH)6 and 

Rb2Al2O(OH)6, and 2 × 2 × 2 for CsAl(OH)4·2H2O, were created. With a timestep of 0.5 fs, NPT-

ensemble MD was performed for 20 ps and NVT-ensemble MD was performed with 

equilibration and production stages of respectively 5 ps and 20 to 35 ps, using the average 

lattice dimensions of the last 10 ps of the NPT run. 



Results and Discussion

Crystal structures of K, Rb, and Cs aluminates 

Table 1. Crystallographic Data for Unit Cells of Al(OH)4
-, and Al2O(OH)6

2- 

compound 1 2 3
empirical formula K2Al2O(OH)6 Rb2Al2O(OH)6 CsAl(OH)4·2H2O
molecular weight (g ·mol-1) 250.20 342.95 263.95
crystal system Orthorhombi

c
Orthorhombi
c

Monoclinic

space group Aba2 Aba2 C2
a [Å] 10.1605(12) 10.3511(8) 10.4124(15)
b [Å] 7.5416(8) 7.6823(7) 6.6986(10)
c [Å] 9.9990(12) 10.2481(8) 6.2156(10)
⍺ [°] 90 90 90
ϐ [°] 90 90 126.129(4)
γ [°] 90 90 90
V [Å3] 766.19(15) 814.93(12) 350.16(9)
Z 4 4 2
R1/wR2 [for I > 2σ(I)] 0.0367 0.0426 0.0274
R1/wR2 [for all data] 0.0503 0.0791 0.0786
GOF 1.122 1.070 1.205
Largest diff. peak/hole [e·Å-3] 0.463/-0.530 1.135/-1.494 0.937/-1.025

The aluminate dimers, K2Al2O(OH)6 (1), and Rb2Al2O(OH)6 (2) are isostructural and 

crystallize in orthorhombic Aba2 (space group no. 41) unit cells. Although the structure of 1 has 

been previously reported, that of the 2 was only inferred from powder X-ray diffraction 

studies.37 To promote direct comparison, and to improve upon the quality of the previously 

reported structure of the K2Al2O(OH)6, a higher-resolution structure was obtained. The 

aluminate dimer structure consists of two symmetry-related, tetrahedrally-coordinated Al 

centers bridged via a µ2-O bridge with Al-O-Al angles of 133.26° and 136.20°, and O-Al-Al-O 

torsion angles of 41.13° and 34.27, for 1 and 2 respectively (Figure 1, bottom). The Al centers 

are further coordinated by three hydroxide groups with Al-OH distances ranging from 1.761(2) 

to 1.779(2) Å for 1, and 1.761(3) to 1.781(3) Å for 2. The Al-µ2-O bond distance in 1 (1.7177(15) 

Å) is comparable to the corresponding Al-µ2-O bond in 2 (1.7203(18) Å). 



The Cs aluminate monomer, CsAl(OH)4·2H2O (3) crystallizes in a monoclinic C2 (space 

group no. 5) unit cell. The structure of 3 consists of an Al center coordinated by four hydroxide 

groups resulting in tetrahedral geometry and Al-OH distances ranging from 1.747(15) to 

1.756(14) Å (Figure 1, top). While the synthesis conditions used to produce 1, 2, and 3 are 

similar (see Experimental Section), the dimeric species crystallize as anhydrous salts while the 

monomeric unit is a dihydrate. The water molecules in 3 are related by symmetry and located 

within a tetrahedral cavity defined by Cs atoms and coordinated via two strong (2.253 and 2. 

557 Å) and two weak (2.896 and 3.147 Å) H-bonds to hydroxide ligands of the four neighboring 

aluminate ions (Figure 2). Efforts to determine the positions of H-atoms in the structure of 3 

were unsuccessful. Difficulty in determining the H-atom positions are likely caused by the fact 

that the difference-Fourier maps are dominated by scattering from heavy Cs atoms (Z = 55) 

and/or positional disorder of the light H-atoms (Z = 1). Generally, the Al-O distances observed in 

the structures of 1-3 are consistent with prior literature reports for tetrahedrally coordinated Al 

species.38, 39 

The unusually short distance between the oxygen atom present in the Al(OH)4
- unit and 

the neighboring water molecule (O…Od – 2.253Å) indicates the presence of a nearly 

symmetrical H-bond reminiscent of the Zundel-ion, H3O2
-.40-42 Prior studies reported comparable 

O…Od in various structures featuring H3O2
- ions.43-45 For example, H3O2

- present in the unit cell of 

Na2[Et3MeN][Cr(PhC(S)N(O))3]·½NaH3O2·18H2O exhibits O…Od of 2.29 Å while the O…Od in the 

structure of [Mo3O2(O2C2H5)6(H2O)2](H3O2)Br3·6H2O was 2.52 Å.46, 47 In these studies, the O…Od 

Al(OH)4
-

Al2O(OH)6
2-

Figure 1. Polyhedral view down 0 1 0 direction (left) and ball-
and-stick (right) representation of the Al(OH)4

- (top) and 
Al2O(OH)6

2- (bottom) structures. Blue polyhedra and spheres
represent aluminum. Red, magenta, and purple spheres
represent oxygen, cesium, and potassium (or rubidium),
respectively. H-atoms are omitted for clarity.



elongated significantly (2.41-2.54 Å) when the H3O2
- moiety acted as a bridging ligand between 

metal ions in polynuclear complexes.48 In addition to inorganic and organometallic complexes, 

short O…Od distances have been a topic of studies in mineralogy,49, 50 biological systems,51, 52 

dense polymorphs of ice,53, 54 and during the proton transfer reactions in aqueous solutions.42, 55 

The synthesis products 1-3 were characterized using powder X-ray diffraction (PXRD). 

Experimental and simulated diffraction patterns are shown in Figure 3. The results show good 

agreement with calculated patterns derived from single crystal X-ray diffraction experiments 

(see above). Minor variations between observed and predicted intensities were attributed to 

preferential orientation of the relatively large crystallites (ca. 50-100 µm) precluding analysis via 

Rietveld refinement. In addition, variable intensities occur in micro-diffraction experiments 

when there are insufficient crystallites in the collimated beam to give statistically averaged 

intensities over all orientations.   

27Al MAS-NMR Spectroscopy

Figure 2. Polyhedral and ball representation of the 
H2O environment in the structure of 
CsAl(OH)4·2H2O (3). Black dotted lines represent 
H2O-OH interactions. H-atom positions were not 
determined experimentally. Blue polyhedra and 
spheres represent aluminum. Magenta and red 
spheres represent cesium and oxygen,
respectively.

Figure 3. Experimental (color traces) and calculated (black dashed traces) powder X-ray diffraction patterns for bulk 1 (a), 2 (b), 
and 3 (c). Calculated spectra are offset vertically for clarity.

Figure 4. Experimental 27Al MAS-NMR of 1 (top, 
blue trace), 2 (middle, purple trace), and 3 
(bottom, magenta trace) collected at 19.975 T
and 20 kHz spin rate. Model fits are presented in
orange and offset horizontally for clarity. 
Difference spectra are shown in black.



The quadrupolar nature of the 27Al nucleus (I = 5/2) provides a powerful tool for 

evaluation of the local symmetry about the Al center due to the interactions of the nuclear 

quadrupole moment with the local electric field gradients.56 To minimize second order 

quadrupole interactions and to obtain the best approximation of the isotropic chemical shift 

(δiso), quadrupole coupling constant (CQ), and asymmetry parameter (ηQ), a high-field (850 MHz, 

19.975 T) NMR instrument was used. In accordance with single crystal X-ray diffraction results 

all 27Al MAS-NMR spectra were fit using a single Al site. Comparisons of experimental and 

modeled spectra, including spinning side-band manifold, and difference spectra are 

summarized in Figure 4, S1, and S2. Two weak resonances are noted at ca. 10 and 15 ppm and 

are marked with an asterisk (Figure S2). The relative intensity of these resonances changes 

randomly from sample 1 to 3 indicating presence of more than one species. Peak integration 

reveals that the impurity account for ca. 3.9% of the total Al in the sample of 1, 2.8% of 2, and 

4.7% of 3. The relative position of these resonances indicates octahedral coordination.56 Thus, 

sample purity of ≥95% was confirmed by both XRD and 27Al MAS-NMR, accounting for the 

potential presence of crystalline and amorphous impurities. 

27Al Chemical shifts of 1-3 obtained from the fitting procedure fall between 78.8 and 

81.8 ppm. Resonances in this chemical shift region are consistent with tetrahedral geometry 

observed in single crystal X-ray diffraction measurements.56, 57 Direct comparison of the chemical 

shift observed for the monomeric (3) and dimeric species (1-2) is difficult due to the complex 

effect of cations on isotropic chemical shifts (δiso). For instance, the two dimeric systems (K at 

81.7 ppm vs. Rb at 78.8 ppm) show a 2.9 ppm disparity in their δiso despite their isostructural 

nature. A similar variation arises when the chemical shift of 3 (δiso = 81.8 ppm) is compared to 

that of Na2[Al(OH)4]Cl (δiso = 86.6 ppm) resulting in a 5.0 ppm difference.58 Presence of highly 

electronegative element (χCl = 3.16) in the proximity of NMR active nuclei contributes to a 

downfield shift in the δiso. Similarly, recent AIMD calculations demonstrated that the relative 

position of the Na atom, with respect to Al, can influence the 27Al chemical shift with shorter 

Al…Nad distances leading to more downfield chemical shifts.6 The Al…Nad in Na2[Al(OH)4]Cl is 

3.675 Å while the Al…Csd in 3 is 4.207 Å. Consequently, it is unclear if the presence of chloride in 

the structure and/or shorter Al…M+
d in Na2[Al(OH)4]Cl led to the observed chemical shift. 



Generally, the influence of the cation on the 27Al chemical shift was demonstrated in a number 

of prior solution studies at high hydroxide concentration where presence of Na+ led to an 

upfield chemical shift, as compared to K+.18, 59 Further studies implementing isostructural 

complexes are necessary to establish similar chemical shift relationships in the solid-state. 

Quadrupole coupling constants (CQ) and asymmetry parameters (ηQ) estimated from the 

fitting procedure for 1 (CQ = 4.47 MHz, ηQ = 0.37) compare favorably with prior literature reports 

at CQ = 4.42 MHz and ηQ = 0.21.60 Small differences in CQ observed between 1 and 2 (∆ = 0.13 

MHz) likely arise from distortions of the Al2O(OH)6
2- unit in the form of Al-O-O-Al torsion angle 

(41.13° for 1, and 34.27° for 2) resulting in a more eclipsed conformation of the -Al(OH)3 

terminal units in 2 (Figure S3). The CQ and ηQ parameters obtained for 3 can be compared to 

those of the tetrahedral Al site present in γ-Al13 Keggin. Note: the Na2[Al(OH)4]Cl study did not 

report CQ or ηQ parameters.58 Despite the fact that 3 and γ-Al13 Keggin contain isolated (Al(OH)4) 

and fully polymerized (AlO4) polyhedra, respectively, the symmetry about the Al centers is 

approximately Td as compared to C3v in the case of 1 and 2. The CQ (1.52 MHz) and ηQ (0.62) for 3 

are analogous to these observed in γ-Al13 (CQ = 1.75 MHz, ηQ = 0.85)61 suggesting that presence 

of H-atoms in 3, which can lead to decrease of the overall symmetry of Al(OH)4
-, have minimal 

impact on the interactions of the nuclear quadrupole moment. Furthermore, the non-zero 

value of the CQ determined for 3 indicates a small degree of asymmetry that is consistent with 

the determined crystal structure (Figure 2). Specifically, the presence of a very strong H-bonds, 

and two unique Al-O distances in the Al(OH)4
- unit, result in perturbation of the idealized Td 

symmetry that is reflected in 27Al NMR measurements. Collectively, 27Al MAS-NMR results 

demonstrate that formation of Al-O-Al bridges in AlO4 polyhedra leads to significant 

spectroscopic changes that can be leveraged in studies of more complex systems dominated by 

tetrahedrally coordinated Al.

X-ray Absorption Spectroscopy

Local symmetry and bonding environments about Al centers present in the structures of 

1-3 were further probed using Al K-edge X-ray absorption spectroscopy (XAS). Al-K edge X-ray 

absorption near edge structure (XANES) spectra of K2Al2O(OH)6 (1), Rb2Al2O(OH)6 (2), and 

CsAl(OH)4·H2O (3) are shown in Figure 5. The XANES spectrum of 1 yields two edge maxima at 



1566.2 eV (i) and 1569.2 eV (ii) and a single ill-defined feature at 1582.2 eV (iii). The XANES 

spectrum of 2 similarly yields two edge maxima at 1565.5 eV (i) and 1568.9 eV (ii) and a feature 

at 1580.7 eV (iii). The position of the edge maxima in the spectra of 1 and 2 compare favorably 

with literature values for tetrahedrally coordinated Al ranging from ca. 1565 to 1567 eV for 

feature (i) and 1570 to 1573 eV for feature (ii).31 The origin of these features is attributed to the 

excitation from Al 1s to a mixture of O 3p and Al 3p states of the tetrahedrally coordinated Al 

centers present in the structures of 1 and 2.39, 62 The shift of the edge maxima to higher energy 

observed for 1 when compared to 2 is consistent with prior FEFF calculations relating shorter 

Al-O bond lengths to positive shift in energy.63 The broad, ill-defined features observed at ca. 

1580 eV in the spectra of 1 and 2 are characteristic of tetrahedrally coordinated Al and arise 

due to multiple scattering in the first coordination shell of Al oxides.38, 64 

The spectrum of 3 yields a single, broad edge maximum at 1568.6 eV (ii) and a feature at 

1581.7 eV (iii). The position of the edge maximum in the spectrum of 3 is anomalously high 

approaching values expected from six-coordinate Al centers with typical edge maxima at ca. 

1568 eV. It is worth noting that maxima observed at this energy have also been reported as 

corresponding to tetrahedral Al present in zeolites.65 The relatively small energy difference 

between tetrahedral and octahedral Al (ca. 2 eV), paired with structural diversity of previously 

studied materials leads to uncertainty in assignment of the coordination number of 3.66 

However, the extensive characterization discussed above, and presence of the 1581.7 eV 

feature in the XANES spectrum of 3 indicate that the 1568.6 eV edge maximum correspond to 

tetrahedrally coordinated Al.

Figure 5. Comparison of experimental (blue, purple, and magenta traces) Al K-edge XANES spectra
of 1-3 with three tetrahedral features indicated with i-iii. 



To the extent possible, Al K-edge extended X-ray absorption fine structure (EXAFS) 

spectroscopy was used to determine the bond distances and coordination number of the 

scattering atoms. However, Al K-edge (1559 eV) falls in the “tender” energy range of 1 to 5 KeV, 

which has unique experimental limitations including a decrease in X-ray flux across the energy 

range associated with the beamline design, a limit in the volume sample and difficulties in data 

analysis are a result of significant multiple scattering contributions from ligands at close 

distances. In addition, the presence of Si in the beam path (Si K-edge – 1839 eV)39 necessitated 

truncation of the EXAFS data (Figure 6, top). To circumvent the experimentally imposed 

limitations, FEFF67 calculations were performed on ensembles of structures drawn from ab initio 

molecular dynamics (AIMD) trajectories. The AIMD EXAFS were evaluated against experimental 

EXAFS data for 1, and the subsequent AIMD-derived EXAFS spectra for 1-3 were used to 

evaluate the sensitivity of this technique to isolated versus polymerized AlO4 units.   

The AIMD-derived EXAFS spectrum (weighted by k3) for 1 and its Fourier transform are 

compared to the experimental data in Figure 6. Agreement between AIMD-derived data and 

Figure 6. (top) comparison of experimental and 
predicted EXAFS region in k-space for 1. 
(bottom) experimental (solid blue trace) and
predicted (black trace) EXAFS of 1 in R-space
showing magnitude and real component. k-
range used for forward Fourier transform: 3 to 7 
Å-1.



experimental data is good, with the only adjustable parameter being E0 (adjusted via the 

EXCHANGE card) – no bond lengths or thermal disorder (Debye-Waller) factor adjustements 

were made, and the amplitude reduction factor, S0
2, was left at its default value of 1.0. In fact 

the FEFF defaults were found to be appropriate for all parameters, and a comprehensive list of 

cards in the feff input file used is: RPATH 6, EXAFS 15, POTENTIALS and ATOMS cards describing 

one sampled structure form AIMD trajectory. FEFF was then run for each structure in the 

ensemble,  and the results were averaged. With the 6 angstrom cutoff, the FEFF pathfinder 

yielded between 139 and 189 scattering paths for each ensemble structure. The EXAFS is 

dominated by single scattering from the nearest-neighbor O atoms, giving a sinusoidal signal 

(single-scattering and first-shell only simulations for a fixed structure are compared in the 

supporting information). The slight mismatch in the frequency of the main sinusoid (visible as a 

displacement of the theoretical first-shell peak in the R-space plot in Figure 6) can be attributed 

to errors in the first shell distance (single-scattering half path length). But the sign of this error 

is surprising, since the average Al-O distance from the scXRD measurements described above is 

1.755 Å while the average Al-O distance in the MD trajectory is 1.778 Å (suggesting that the 

AIMD first shell peak should be at larger, not smaller, R).  The overestimation of the EXAFS 

amplitude in the AIMD can be attributed to insufficient disorder in the model (which contains 

simulated thermal motion in a 136-atom cell that is periodically repeated), relative to the actual 

structure, and to broadening of the experimental signal as energy above the edge is increased. 

Figure 7. (a) comparison of the AIMD predicted 
EXAFS for 1, 2, and 3 in k-space. (b) R-space 
EXAFS showing magnitude for 1 and 3. k-range 
between 3 and 13 Å-1 used for forward Fourier 
transform.  



Evaluating the predicted EXAFS spectra for 1-3 (Figure 7a) in k-space reveals a 

systematic variation of the amplitudes (Cs > Rb > K). The relative thermal motion of the cations 

likely accounts for the oberved discrepancies with the K+ system having larger amplitude due to 

its smaller mass. Specifically, calculated thermal displacement parameters (including static and 

thermal disorder) for the Al-O single scattering path are σ2 = 0.0023, 0.0020, and 0.0017 Å2 for 

1, 2, and 3, respectively. A forward Fourier transform of the AIMD predicted EXAFS data for 1 

and 3 was performed in the k-range 3 and 13 Å-1, and the spectra in R-space are shown in Figure 

7b, together with contributions from Al-O (1, 3) and Al-Al (1) single scattering (ss) paths. The 

EXAFS features arise primarily from Al-O ss paths, and the presence of Al-O-Al bridges can be 

inferred from the complex features observed between ca. 2 and 3.5 Å. Figure 7b (inset) 

highlights the spectral region where constructive, and destructive interference between the Al-

O and Al-Al ss paths in 1 give rise to complex features that are distinct from these observed in 

3. Furthermore, contributions of Al-O ss paths are similar in 1 and 3 despite measurable 

differences in Al-O bond lengths and presence of an additional Al-O ss path in the structure of 3 

due to the presence of a water molecule. The same feature arising due to Al-Al and Al-O ss path 

interactions is noted in the predicted EXAFS of 2 (Figure S4). These results suggest that, if 

experimental data can be obtained out to a k of 13 Å-1, Al K-edge EXAFS can be used to 

distinguish between isolated and polymerized AlO4 units. 

Raman and IR Spectroscopy

Solid-state Raman and IR spectra obtained from aluminate salts (1-3) are shown in 

Figure 8. Raman spectra of K, and Rb aluminate dimers (1,2) exhibit three distinct bands in the 

Al-O(H) stretching region located at 548, 688, and 726 cm-1 for the K salt, and at 543, 685, and 

725 cm-1 for the Rb salt. Bands at ca. 545 cm-1 were previously assigned to the symmetric 

vibration of the Al-O-Al unit while those at ca. 685 and 725 cm-1 to the vibrations of the -Al(OH)3 

units and Al-O-H bending modes.3, 19, 20 

The O-H stretching region exhibits three distinct bands at 3259, 3378, and 3551 cm-1 for 

1 and 3327, 3387, and 3572 cm-1 for 2. Presence of three hydroxide stretches in the spectra of 

aluminate dimers is consistent with the presence of three crystallographically unique oxygen 

atoms comprising the -Al(OH)3 unit. Examination of the structure of 1 reveals all three terminal 



hydroxides acting as H-bond donors, and two as H-bond acceptors (Figure 9). Specifically, O1 

accepts one H-bond (O-H…O, 1.860 Å), while O2 accepts two (1.889 and 2.171 Å). Acting as an 

H-bond acceptor results in weakening of the O-H covalent bond and a shift in the corresponding 

stretching frequency to lower wavenumbers.68 Consequently, the peaks at 3259, 3378, and 

3551 cm-1 for 1 are assigned to the stretching of the O2(H), O1(H), and O3(H) groups, 

respectively. Analogous breakdown of the bonding environment in 2 results in assignment of 

Raman signals at 3327, 3387, and 3572 cm-1 to the stretching of the O1(H), O3(H), and O2(H) 

groups, respectively. 

The IR spectra of 1 and 2 exhibit five distinct bands in the Al-O(H) stretching region at 

627, 681, 696, 864, and 912 cm-1 for 1, and at 625, 679, 694, 820, and 917 cm-1 for 2. Bands at 

ca. 625 cm-1 correspond to the asymmetric vibrations of the Al-O-Al units while those at ca. 680, 

695, and 915 cm-1 to the vibrations of the -Al(OH)3 units. The 864/1101 cm-1 (1) and 820/1055 

cm-1 (2) bands correspond to the Al-O-H bending modes.3, 19 Bands at 3253, 3363, 3542 cm-1 for 1 

and 3316, 3370, and 3561 cm-1 for 2 correspond to vibrations of the three unique hydroxide 

groups (see above). 

Raman spectrum of 3 exhibits three overlapping bands in the Al-O stretching region 

located at 614, 621, and 647 cm-1 (Figure 10). An additional weak signal is noted at ca. 731 cm-1. 

In prior computational studies evaluating the monomeric Al(OH)4
- moiety, a singular Raman 

active band was predicted in this region, corresponding to the symmetric vibration of the AlO4 

unit.19, 20 The difference between the symmetric and asymmetric vibration of the AlO4 unit was 

Figure 8. Solid-state Raman (colored) and IR 
(black) spectra of the 1 (top), 2 (center), and 3 
(bottom).

Al1

O1

O2

O3

O4

Al1

Figure 9. Ball-and-stick representation of the 
bonding around the Al2O(OH)6

2- in 1. Blue, and
red dotted lines represent accepted and donated 
H-bonds respectively. Light blue, red, and white 
spheres represent aluminum, oxygen, and 
hydrogen, respectively. 



predicted to be ca. 97 cm-1, therefore the emergence of additional bands at ca. 620 cm-1 cannot 

be attributed to activation of the asymmetric vibration.19 The weak intensity and position of the 

band at ca. 731 cm-1, however, is consistent with activation of the asymmetric vibration of the 

AlO4 unit. Consequently, all three bands observed between 610 and 650 cm-1 likely correspond 

to the symmetric vibration of the AlO4 unit. We propose that the observed splitting arises due 

to i) perturbation of the idealized Td symmetry, ii) asymmetry of the Al(OH)4
- local environment 

(Figure 10, right), iii) presence of unusually strong O-H…H-OH interactions, iv) crystal packing 

effects (e.g. Davydov splitting)69 or a combination of these.  

The O-H stretching region in Raman spectrum of 3 shows three distinct bands at 3025, 

3395, and 3443 cm-1. Although it was possible to determine the position of H-atoms in the 

structure of 1 and 2, efforts to assign specific positions to H-atoms in the structure of 3 were 

unsuccessful, and the proposed assignements are tentative. The bands observed at 3395, and 

3443 cm-1 are assigned to the O-H stretching vibrations of two unique OH groups present on the 

Al(OH)4
- unit and that at 3025 cm-1 to the O-H stretching vibrations of the singular 

crystallographically unique water molecule. The broad nature of the latter band indicates 

possible disorder in H-atom positions that might explain the difficulty in their crystallographic 

refinement. It is worth noting that the position of the O-H stretching of the H2O molecule is 

shifted to lower wavenumbers compared to those noted in a number of ice polymorphs.54, 70 

This is in accordance with the short O…O distance observed in the structure of 3.   

The IR spectrum of 3 shows bands at 607, 709, and 827 cm-1 in the Al-O(H) stretching 

Figure 10. (left) deconvolution of the Raman spectra showing the ν1 symmetrical stretching region
of the CsAl(OH)4·2H2O (3) and (right) ball-and-stick representation of the local symmetry around 
O1 and O2 in the structure of 3. Environments of symmetry related atoms (O1 and O2) are 
omitted for clarity. Blue, red, and magenta spheres represent aluminum, oxygen, and cesium, 
respectively. 



region. On the basis of its weak intensity and position, the band at 607 cm-1 is assigned to the 

activation of the symmetric vibration of the AlO4 unit while that at 709 cm-1 to its asymmetric 

vibration.19, 20 Notably, the strong band at 709 cm-1 shows significant asymmetry with shoulders 

appearing at both lower, and higher wavenumbers (ca. 659 and 727 cm-1) that likely arise due to 

the splitting of AlO4 vibrations described above. The origin of the band at 827 cm-1 is unclear as 

no bands are expected in this spectral region on the basis of AIMD predictions.19 Prior studies 

focusing on the symmetrization of H-bonds in ice noted emergence of a vibration at ca. 900 cm-1 

assigned to the O-O vibrational mode.40, 71 However, lack of a corresponding signal in the Raman 

spectrum (Figure 8) makes the assignement of this band ambiguous. The band at 972 cm-1 in 

the IR spectrum of 3 is assigned to the bending mode of the Al-O-H. The band at 3004 cm-1 is 

assigned to the vibration of the unique water molecule while those at  3376 and 3428 cm-1 to 

two unique O-H groups present in Al(OH)4
- moiety. 

The Raman and IR spectra obtained for the mono- (3) and dimeric (1-2) aluminate 

species show distinct sets of signals in the Al-O, and O-H stretching region making them 

powerful tools in discerning these species. Although prior solution studies utilized the Al-O 

spectral region to evaluate Al speciation, that corresponding to O-H stretching was rarely 

evaluated.8 

Conclusions

Expanding studies of caustic aluminate solutions from Na systems to systems containing 

K, Rb, and Cs resulted in isolation, in the solid state, of the aluminate monomer, Al(OH)4
-, and 

the aluminate dimer, Al2O(OH)6
2-. Crystal structures determined by single crystal X-ray 

diffraction defined the positions of H-atoms in Al2O(OH)6
2- and revealed an unusually short O…O 

bond distance in the Cs aluminate monomer. A combination of single crystal and powder X-ray 

diffraction demonstrated that these materials were of sufficiently high purity (≥95%) to be used 

for subsequent spectroscopic characterization.

Multi-modal spectroscopic techniques used to evaluate the different salts of Al(OH)4
- 

and Al2O(OH)6
2- established a set of spectroscopic features that can be used to evaluate 

tetrahedrally coordinated Al in more complex environments. The change in the symmetry 



about the tetrahedrally coordinated Al center, caused by the formation of the Al-O-Al bridge in 

the K and Rb dimers, is reflected in a significant increase in the 27Al MAS-NMR quadrupole 

coupling constant, CQ. From this result, it can be surmised that the presence of two, or three Al-

O(H)-Al bridges in AlO4 tetrahedra will lead to significantly higher CQ values (≫1.5 MHz). 

Comparison of the asymmetry parameter, ηQ, and CQ of CsAl(OH)4·2H2O and γ-Al13 revealed that 

presence of H-atoms in the second coordination sphere of Al has a minimal effect on the 

interactions of the nuclear quadrupole moment. 

Furthermore, Al K-edge X-ray absorption spectroscopy was also established as an 

efficient tool to distinguish between the mono- and dimeric forms of anionic aluminate. XANES 

spectra of dimeric aluminate anion shows two distinct edge maxima as opposed to a single 

feature observed in the monomeric aluminate anion. 

Implementation of AIMD to evaluate the potential of EXAFS spectroscopy to 

distinguishing between different forms of the aluminate anions revealed weak but real 

contributions from the Al-Al single scattering paths that allow for their effective 

disambiguation. IR and Raman spectroscopy of tetrahedrally coordinated mono- and dinuclear 

aluminates show unique, non-overlapping signatures in the Al-O, and O-H spectral regions. 

Comparison of spectra obtained from Al2O(OH)6
2- as a K+, and Rb+ salt reveal that the identity of 

the cation has a relatively small effect (< 5 cm-1) on the Al-O stretching region and a stronger 

effect (< 68 cm-1) on the O-H stretching region.

The spectroscopic signatures of two fundamental Al units – Al(OH)4
- and Al2O(OH)6

2-
 were 

hereby established. Comparison of their spectroscopic signatures from the perspective of 

structural differences and oligomerization may help advance understanding of aluminum 

speciation and transformations in the highly alkaline solutions found in the Bayer process and in 

the processing of U.S. Department of Energy legacy nuclear wastes. The structure-property 

relationships may also help advance fundamental understanding of catalytic processes 

occurring on related materials such as zeolites or activated aluminas. 
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